How traffic-related air pollution generation and exposure is distributed among different population groups is an important environmental justice concern. From a social equity perspective, many questions arise at the metropolitan scale: Do socially disadvantaged communities have higher exposure levels to traffic-related air pollution? Do discrepancies exist wherein neighborhoods are not exposed to similar levels of pollution than they themselves generate? And, is there a relationship between this discrepancy and social disadvantage? These questions are examined for the Montreal metropolitan region through the development of an integrated transport and emission model. Two measures of traffic-related air pollution are estimated at the traffic analysis zone level: (1) generation (average emissions per household), and (2) exposure (average residential zone concentration). A social disadvantage index is also calculated that incorporates elements of social and material deprivation. Three levels of inequity exist regarding emissions, exposure and socioeconomics. Firstly, social disadvantage was found to have a positive relationship with exposure, meaning that the most socially disadvantaged communities tend to experience the highest levels of traffic-related air pollution. Spatial discrepancies in emission generation versus exposure are also present for most of the metropolitan region. Furthermore, the communities that face a double-burden of greater disadvantage and higher exposure also tend to create the lowest quantities of pollution.
INTRODUCTION
Equity in the field of transportation and land-use planning has traditionally dealt with the equal distribution of resources in the transportation system in order to support equal levels of accessibility and mobility. At the same time, there has been a parallel stream of equity research into issues of environmental justice, which tend to focus on whether marginalized or disadvantaged communities bear the brunt of pollution, be it from energy production, waste management, or transportation externalities. With the disappearance of most industry and energy production in urban areas, transportation is now the biggest contributor to urban air pollution in the developed world (Colvile et al, 2001 ). Traffic-related air pollution is a byproduct of the combustion process that occurs in the majority of automobiles and trucks, producing a host of pollutants such as particulate matter, nitrogen oxides, volatile organic compounds, and more. A significant amount of research over the past 10-15 years has linked exposure to the aforementioned pollutants with a host of chronic and acute health effects (Brauer et al, 2008; Gan et al, 2012; Selander et al, 2009 ).
Furthermore, the spatial distribution of traffic-related air pollution is not uniform across urban metropolitan regions, resulting in exposure disparities across different population groups. Previous research has consistently shown that areas with higher levels of social disadvantage tend to have worse levels of air quality, creating a 'double-burden' of high disadvantage and high risk of air pollution related illness (Crouse et al, 2009; Fan et al, 2012; Goodman et al, 2011; Jephcote and Chen, 2012; Jerrett, 2009 ).
Our study is set in Montreal, Canada where a transportation model developed for the metropolitan region is extended with a capability to model emissions and evaluate population exposure to traffic emissions. In this paper, we test two hypotheses related to the distributional effects of traffic-related air pollution in a large metropolitan area. First, we test the traditional hypothesis that individuals living in neighborhoods characterized by a high social disadvantage metric are also exposed to the highest levels of traffic emissions. In addition, the hypothesis that neighbourhoods experiencing a certain level of traffic emissions are also responsible for similar levels of emission generation (through travel behavior of inhabitants), often termed as the polluterpays principle (PPP) is also tested. To assess these two hypotheses, two measures of traffic-related air pollution are estimated: (1) an average level of traffic-based emissions generated per household in each traffic analysis zone (TAZ) and (2) an average density of experienced traffic-based emissions, also calculated at the traffic analysis zone level. A cumulative index of social disadvantage is also estimated in order to highlight the most marginalized zones within the study area. Our analysis aims to investigate the relationships between the index of social disadvantage and traffic-related air pollution generation and exposure. Our study area includes the Montreal metropolitan region (MMR), spanning an area of 7,000 km 2 and a population of 3.8 million inhabitants (Statistics Canada, 2011) .
CONTEXT
Traffic-related air pollution has been an important environmental justice concern since the late 1990s, and has spurred an array of studies into the linkages between exposure and socio-economic status. Most of this research has focused on assessing whether inequities exist in the spatial distribution of air pollution across metropolitan regions. The two critical elements in such evaluations include (1) air pollution levels used for exposure estimates, and (2) socioeconomic indicators of disadvantage. The baseline for exposure in most studies is often established through measurement campaigns that collect ambient air pollution levels at specific points across urban areas. This method has been used in several cities across Canada, including Hamilton (Jerrett et al, 2001 ), Toronto (Buzzelli and Jerrett, 2007) , and Montreal (Crouse et al, 2009) , as well as in London, UK (Goodman et al, 2012) . At the same time, several other studies have attempted to directly estimate traffic's contribution to air pollution through the use of emission models whereby a density of traffic emissions is used as a proxy for air pollution levels without the reliance on dispersion modelling. Outputs from an emission model are then used to estimate residential exposure levels, with this method being used in studies in Christchurch, New Zealand (Kingham et al, 2007) ; Leicester, UK (Jephcote and Chen, 2012) ; Hong Kong, China (Fan et al, 2012) ; and Great Britain (Mitchell and Dorling, 2003) . Several studies have also used proximity to highdensity roads as a surrogate for exposure to traffic related air pollution (Bae et al, 2007) .
Groups and neighbourhoods with lower SES have consistently been shown to experience higher levels of air pollution, a conclusion further confirmed in a summary review by Jerrett (2009).
However, there have been several exceptions to this trend. Buzzelli and Jerrett (2007) found that certain centrally located, high-status zones in Toronto were also susceptible to higher exposures, while Crouse et al (2009) had similar findings in Montreal, Canada. Mitchell and Dorling (2003) similarly concluded that the poorest experienced the worst air quality, yet the least poor did not always have the best air quality. These exceptions highlight the complexities of these interrelationships, whereby there are cases where households with higher SES trade-off poorer air quality for downtown proximity. Furthermore, there are situations wherein the 'poorer' air quality in the inner-city areas may even be considered acceptable, negating the 'trade-off' effect.
At the same time, two of the aforementioned studies attempted to address the concurrent environmental justice issue of PPP, wherein neighbourhoods with high exposure levels contribute equally high levels of emissions thereby negating the sense of inequity. Mitchell and Dorling (2003) found that the PPP was applicable to a certain percentage of high exposure zones across Great Britain, while Jephcote and Chen (2012) found similar results for the central areas of Leicester, UK.
Meanwhile, recent years have also seen significant advances in emissions modeling.
Regional traffic assignment models have been combined with refined emission simulations to generate accurate mobile link-level estimates of local pollutants and greenhouse gases (Hulsmann et al, 2009; Int Panis et al, 2011) . Work has also incorporated start emissions into traffic-related pollutant estimates. This was spurred by initial estimates showing that start emissions could account for up to 28% of total emitted on-road hydrocarbons under summertime conditions (Houk, 2004) . From there, the integration of start emissions into regional traffic-related emissions models has been made possible through the use of detailed trip data and expanded emission simulations (Beckx et al, 2009a; Hatzopoulou et al, 2007) . Also, this additional degree of spatial resolution and separation of emission (running or start) allows researchers to further separate the effects of high automobile use rates as opposed to high rates of vehicle traffic.
Regarding the socio-economic side of equity research, there has been much interest in the identification of marginalized or disadvantaged segments of the population. The history of measuring social disadvantage (often termed deprivation) has evolved over time, leading to the creation of a measure of cumulative disadvantage through combinations of a set of socio-economic measures. Cumulative disadvantage indicators tend to incorporate factors that are linked to the independent variable being studied, for instance with car ownership for transportation equity studies, or with parental education for a study on pediatric health (Bauman et al, 2006) . The motivation behind the cumulative disadvantage approach is that a combination of socio-economic factors is more representative of a population's disadvantage, in that it can account for both material and social elements. Certain studies have found that social disadvantage indicators should be tailored to country-specific conditions (Sanchez-Cantalejo et al, 2008) . Kingham et al (2007) employed a similar methodology in using a deprivation index that was unique to New Zealand.
This line of research has also been extended to Quebec, and even Montreal. Langlois and Kitchen (1996) Toronto that combines a weighted average of median income, unemployment rate, rate of immigration within the last 5 years, and rate of households that spend over 30% of their income on rent.
In this paper, advancements in emission modeling through the inclusion of vehicle allocation and start emissions are used to directly estimate traffic's contribution to intra-urban air pollution. This contribution is extended to capture residential exposure levels to total hydrocarbons, a common traffic-related pollutant and smog precursor, while at the same time quantifying (2003) and Jephcote and Chen (2012) .
METHODOLOGY
The Montreal Metropolitan Region (MMR) is the study area for this research and consists of the island of Montreal, the cities of Laval and Longueuil, and municipalities on the North Shore and South Shore. The remainder of the methodology section contains details into the integrated transport and emissions model used to estimate emission generation and exposure. The creation of the social disadvantage index is also explained, along with the data analysis and interpretation. Further details into the integrated transport and emissions model framework are presented in FIGURE 2, and can also be found in (Reference removed for reviewing purposes). 
Emissions Model
The generation of traffic-related emissions is estimated for both running and start emissions at the Meanwhile, emissions from engine starts are also a crucial element in the emission model.
Start emissions occur because the engine and the catalytic converter require several minutes to heat up before they reach their optimal temperatures. The excess emissions during this time are estimated to account for nearly 28-31 percent of total on-road volatile organic compound emissions (Borrego et al, 2004; Houk, 2004) . Start emissions are a function of an engine's soak-time (Favez et al, 2009) , and are also dependent on vehicle characteristics and ambient conditions. Ambient conditions, specifically temperature, are especially important in colder climates such as Montreal, where start emissions can account for nearly half of all on-road VOC emissions (Houk, 2004) .
Therefore, MOVES is also employed to output start emission factors for a set of vehicle types (passenger car, passenger truck), model years (30 years), soak-times (8 time bins), and pollutants (carbon monoxide, hydrocarbons). A start emission post-processor then iterates through each driving trip and allocates a start emission factor based on the vehicle and soak-time.
The trip-level emissions (running and starts) are then expanded using socioeconomic expansion factors to account for the full population of the region, and are then allocated to the household's residential TAZ. Therefore, the first measure regarding emission generation is the daily average emissions generated per household, calculated by normalizing total TAZ emissions by the number of households (kg/household).
Exposure to Emissions
The second measure involves deriving population exposure levels to traffic-related emissions for the same set of TAZs across the Montreal region. In the absence of a dispersion model, we use the emissions occurring in the residential TAZ as a measure of population exposure. While previous Environmental Justice studies have incorporated more detailed pollutant concentrations through dispersion modeling (see Mitchell, 2005; Namdeo and Stringer, 2008) , residential proximity to traffic-related air pollution is considered more than adequate given its wide use in 
Social Disadvantage Index
The estimation of a social disadvantage index (SDI) follows a similar methodology to the one used After the four variables were retrieved for all census tracts and census subdivisions in the region, the amount of habitable land was estimated for each TAZ based on land-use information for the region (all land-uses aside from 'open water' and 'parks and recreation' were considered 'habitable'). The area of habitable land was then used to create area-based weights, and subsequently population-based weights, that were used in converting the four variables from census tract to TAZ level. Each variable was then standardized and weighted equally to create the = 1.567), and having 32.6% of households that spend over 30 percent of income on rent (Z-score = 1.388), has an SDI of 3.397. A correlation matrix was calculated to ensure that the index is capturing similar socio-economic groups, and the four variables were all significantly correlated with Pearson coefficients above 0.44 (significant at the 0.01 level).
The SDI results were then normalized and each TAZ was given a score between 1-10 based on its respective decile. There were zones with either no reported population or insignificant data available and so TAZs with populations below 1 were omitted from the analysis, resulting in a sample size of 1513 TAZs.
Analysis of relationships between social disadvantage and traffic emissions
An analysis was conducted to examine the relationships between the estimated SDI and the two measures of traffic emissions (emissions generated per household and emissions occurring in a TAZ); both measures accounting for running and start emissions. Analyses were conducted using data normalized in deciles, as has been favoured in several previous equity studies (Fan et al, 2012; Goodman et al, 2012; Mitchell and Dorling, 2003) . This allows for the meaningful comparison of two variables measured at different scales.
Social disadvantage and exposure
The measure of social disadvantage and exposure is calculated by taking the difference between the social disadvantage decile and the exposure decile. This measure ranges from -9 to 9, and and low exposure, and a high negative value means low disadvantage and high exposure. In addition to that, the sum of SDI and exposure deciles is taken in order to spatially highlight zones that face a 'double-burden' of greater disadvantage and worse air quality.
Exposure and emission generation
The measure of exposure and emission generation is calculated that aims to capture whether the responsibility in emission generation is being matched with equivalent exposure to air pollution.
This 'polluter-pays index' is calculated by taking the difference in the exposure decile and the emissions decile, with values ranging from -9 to 9. Inequity is therefore evident if there are many zones in the lowest or highest areas of that range, for instance if there are many neighbourhoods that have high exposure and low emission responsibility or vise versa. Otherwise, if a majority of zones are relatively close to zero, it could be argued that a polluter-pays principle applies.
Social disadvantage, exposure and emissions
The measure of social disadvantage, exposure and emissions involves adding the third dimension of social disadvantage to the previously explored concept of the polluter-pays principle. The uppermost values correspond with zones that are highly disadvantaged, have high exposure to air pollution and generate low amounts of emissions. Meanwhile, the lowermost values are those with low disadvantage, low exposure and who generate the highest amounts of traffic-related air pollution.
Statistical Testing
To determine whether the levels of emission and exposure vary significantly between social disadvantage deciles several ANOVA analyses are performed. This tests whether the means of each group's exposure and generation of traffic-related pollutants are significantly different.
Simple correlation tests are also run to quantify the relationship between social disadvantage and pollution exposure.
RESULTS AND DISCUSSION
The distribution of raw values for the social disadvantage index is slightly skewed to the right, and range from -13.64 to 13.54 (FIGURE 3). we observe large discrepancies in the four socioeconomic factors between the lowest SDI values results for the island of Montreal parallel similar findings in previous research (Apparicio et al, 2007; Crouse et al, 2009; Langlois and Kitchen, 1996) . Aside from Montreal, most of the region is almost entirely under the 50 th percentile for social disadvantage, aside from pockets in the cities of Laval and Longueuil.
[Insert Figure 3 here] Further examination of FIGURE 4 reveals that many of the most socially disadvantaged neighborhoods are located in close proximity to major highways that typically carry high traffic flows. Meanwhile, the majority of wealthier neighborhoods appear to be in areas that are relatively free of major highways. This initial observation suggests the existence of a socio-economic gradient in traffic-related air pollution exposure. This relationship is further explored by observing the difference in decile rankings between SDI and exposure (FIGURE 5). We observe that 50% of zones have comparable rankings in SDI and exposure; the difference between their SDI and exposure is between -1 and +1. This suggests that a positive correlation between SDI and exposure exists; higher disadvantaged neighbourhoods tend to have higher exposure levels and vice versa.
The other 50% of zones are split almost equally between areas with 'high social disadvantage and low exposure' (difference is greater than 1) and areas with 'low social disadvantage and high exposure' (difference is less than -1). Furthermore, the correlation coefficient between the SDI deciles and exposure deciles is 0.63 (p<0.001), again confirming the positive relationship.
[Insert Figure 5 here] [Insert Figure 6 here] Aside from direct exposure inequity, it is also important to test whether the polluter-pays principle (PPP) is in effect across the Montreal region. In order to test for PPP, a polluter-pays index that takes the difference between exposure ranking and emission ranking was calculated, and the resulting histogram is shown in FIGURE 7. Given that only 22.2% of zones have equivalent exposure and emission rankings, it would appear as if the polluter-pays principle is not generally applicable to the region. At the same time, nearly 40% of neighborhoods 'pay' more than they contribute in terms of traffic-related air pollution, while 38% are contributing more than they 'pay'.
[Insert Figure 7 here] The polluter-pays index was mapped in order to observe whether the inequity has a spatial component as well, or whether the neighbourhoods exhibiting PPP are geographically linked (FIGURE 8) . The spatial distribution across the MMR is variable yet much of the central areas near downtown and along highway corridors have higher rankings in exposure over emissions.
There are also neighbourhoods in the central business district and along the most heavily trafficked freeways with extreme gradients between exposure and emission generation (differences of 8 or 9 deciles). Neighbourhoods exhibiting PPP with a polluter-pay index between -1 and 1 are scattered across Montreal, Laval and Longueuil, with no real spatial pattern. Meanwhile, peripheral areas of the region are almost entirely on the negative side of the distribution with differences in exposure vs. emissions ranging from -2 to -9, a finding consistent with a similar study conducted in the UK (Jephcote and Chen, 2012) . Therefore, not only is the polluter-pays principle absent for most of the MMR, but the inequity is also spatially biased towards central neighborhoods closer to
Montreal's downtown. While this finding is important, it is not altogether surprising given that central neighbourhoods have some of the highest traffic levels while at the same time having residents who make nearly half their trips by public transit or active transportation (AMT, 2010).
On the other hand, the peripheral areas of the region are much more car-reliant yet reside in neighbourhoods with light traffic volumes.
[Insert Figure 8 here] The last measure incorporating generation/exposure ranking and SDI was calculated in order to add another dimension in combining the ideas of 'polluter pays' with socioeconomic equity. The resulting spatial distribution is shown in FIGURE 9, and confirms that there are numerous neighborhoods, primarily in the central areas closer to downtown (shown in black), that have the 'double-burden' of social disadvantage, higher traffic-related air pollution and contribute very little of the pollution they are experiencing. This finding contradicts several conclusions made by both Jephcote and Chen (2012) and Mitchell and Dorling (2003) who found that centrally located disadvantaged neighborhoods actually produced comparable levels of traffic-related air pollution to those they were experiencing. The difference in findings could be due to methodological differences, although it could again be attributed to the high levels of transit use and lower carbased travel distances amongst these central Montreal neighborhoods (AMT, 2010) . Again, the peripheral areas of the region are almost entirely of low disadvantage, with low exposure to trafficrelated air pollution, while at the same time often generating the highest amounts of emissions.
[Insert Figure 9 here] FIGURE 9 Socioeconomic equity of traffic-related air pollution generation and exposure.
Finally, to statistically test these relationships between traffic pollution emitted and exposed to across the social disadvantage gradient, multiple ANOVA tests were performed. Table 2 presents the means of emissions per household, exposure, and standardized exposure minus emission for each social disadvantage decile. Each of these relationships is statistically significant. Further, the significantly different mean values of exposure and generation are in the hypothesized direction. For example, more socially disadvantaged groups are exposed to more pollutants than they emit (F(9,1503) = 110.0, p <0.001). Tukey post-hoc tests further confirm that, with the exception of SDI decile 1, an increase in social disadvantage is associated with a decrease in the generation of transport-related emissions, an increase in the exposure to these pollutants, and an increase in the difference between generation and exposure. This relationship can also be seen in Table 2 which shows a clear trend, each increment in social disadvantage is associated with populations being exposed to more pollutants than they emit. Furthermore, levels of social disadvantage are significantly correlated with both emissions (r = -0.54., p=0.035) and exposure (r = 0.433, p<0.001).
The anomaly of SDI decile 1 is likely related to the two wealthiest neighborhoods in the region, Westmount and Outremont (See Figure 1) , being situated in central locations with high exposure but with good public transport access and walkable neighbourhoods. This points towards the importance of understanding the trade-offs that go into home location decisions. 
CONCLUSION
This paper has explored the relationships between traffic-related air pollution generation, exposure, and socioeconomic disadvantage. Two measures of traffic-related air pollution are estimated; one that captures the generation of hydrocarbon emissions per household, and another that captures location-based exposure to hydrocarbon emissions. In addition, an index of social disadvantage was developed that incorporates elements of both social and material deprivation. The findings from this study suggest the possibility of three levels of environmental injustice occurring across the Montreal region. The first is that neighborhoods with the highest social disadvantage experience the worst exposures to traffic-related air pollution, confirming similar findings across cities in North America and beyond. At the same time, these findings highlight traffic's contribution to the 'double-burden' of deprivation and air pollution previously seen in Montreal (Crouse et al, 2009 ).
Secondly, the polluter-pays principle is mostly absent given that the majority of neighborhoods in central areas experience much higher levels of air pollution than they are responsible for. In addition, there is a subset of those same central neighborhoods that are highly disadvantaged communities who are being exposed to higher levels of emissions that they have little to no role in producing. Again, these results are illuminating in that they are observed in a North American context and parallel similar results from the UK (Jephcote and Chen, 2012; Mitchell and Dorling, 2003) . Given the findings of social and environmental inequities, it would be interesting to extend the analysis to testing whether a 'triple-jeopardy' situation exists that includes the third dimension of health inequities.
There were a few limitations with this analysis. Commercial truck traffic was not factored into the exposure measure. However, this omission could have resulted in an under-prediction of pollution levels in the socially disadvantaged areas, given the previous associations seen between lower-income areas and heavy-duty truck traffic (Houston et al, 2008) . The index of social disadvantage employed in this study does not capture elements that might show increased susceptibility to air pollution exposure such as higher presence of young children, elderly people, people with previous health issues, and even indigenous populations. Furthermore, the measure of exposure does not employ dispersion models to account for local variations in built environment or climactic conditions, nor does it account for a wholly detailed source-receptor relationship, as described in Beckx et al (2009b) . Important elements concerning the housing market and tradeoffs residents make when choosing a home location (trading off, for example, increased exposure to poor quality air for a central location) were not incorporated into this analysis.
Despite these limitations, this research highlights three levels of inequity regarding socioeconomics and traffic-related air pollution in the Montreal region. An unfair burden of negative externalities from transport is being placed on the region's disadvantaged populations, many of whom emit some of the lowest levels of emissions generated.
